Parkinson's disease (PD) is a neurodegenerative disease, which is becoming an increasingly greater social issue due to the growing incidence rate caused by population ageing. Over the recent years, the doctors have been focusing on searching for new methods supporting the diagnosis of such disorders. Acoustic voice analysis in Parkinson's patients can be a valuable and objective tool supporting the diagnosing diseases of neurodegenerative nature. The article discusses a concept of utilizing voice processing techniques in evaluating patients with Parkinson's disease. Using time analysis, frequency analysis and time-frequency analysis, the authors attempted performing acoustic voice analysis in that group of patients. The research utilized recordings conducted at the Department of Neurology at the Medical University of Warsaw. The study involved both women and men. The recording scenario was divided into several parts. The first part contained two various texts read out by the tested person. Yet another segment involved recording the vowel "a" with prolonged phonation, uttered by a patient for at least 5 seconds. The last part of the recordings involved the patient uttering individual words and sentences according to an assumed scenario. A total of 7 acoustic signals per patient, with an average length of ca. 75 seconds were recorded. The conclusions from the conducted studies will enable determining, which of the applied techniques can be a promising tool for supporting the diagnostics of neurodegenerative disorders, including parkinsonism. Further studies involving larger groups are required in order to confirm the obtained results and the structure of a target diagnostic system.
INTRODUCTION
PD -Parkinson's disease is one of the most common neurodegenerative diseases. PD is associated with neurodegeneration of the midbrain structure, i.e., black substance and leads to decreased dopamine levels in the brain. The etiopathogenesis of this disease is not fully known [1] . This is the second most occurring neurodegenerative disease, after Alzheimer's disease. Its significance grows along with the ageing of the population. It has a progressing nature. Initially (for as many as 5-10 years), preclinical symptoms are observed, which precede the occurrence of the most characteristic ones (tremor, slowness). Those appearing during this period may include worse balancing with one limb when walking, shoulder stiffness and pain, hitching with one leg when walking, sleeping disorders and constipation. However, the preclinical symptoms are so non-specific that they do not enable a diagnosis. The clearly clinical period involves classic motion-related symptoms of Parkinson's disease. There is no known method for slowing down the disease -it is of progressing nature. However, numerous drugs are known to alleviate its symptoms [2] . One of the most frequently used is L-DOPA, which is a precursor of dopamine. This preparation passes through the blood-brain barrier, and after converting into dopamine, it replenishes its deficiency in the brain. Its discovery (over 40 years ago) and application was a huge breakthrough in treating PD [1] . *ewelina.majda@wat.edu.pl; phone +48 261 83 75 34; www.wel.wat.edu.pl In the course of Parkinson's disease, ca. 70 to 90% of the patients experience speech disorders. They appear already at an early stage and are of varying character [3, 4] . James Parkinson described speech disorders as one of the distinguishing symptoms of PD, however he also stated that they did not represent deteriorated intellectual capacities of the patient [3, 5] . Most patients however do not notice their speech issues, while they are frequently the first symptom of the disease [3, 4] . A classic evaluation of speech disorders is most commonly conducted by a neurologist. Nonetheless, it is a subjective assessment carried out with the help of hearing only. In an ideal scenario, additional speech disorder evaluation could be conducted by an experienced phoniatrician, logopedist or speech therapist.
As a result, the value of such an examination strongly depends on the experience of a physician conducting it, as well as his/her ability to perceive acoustic phenomena.
Despite the constant development in research on the background of neurodegenerative diseases, no efficient treatment for such diseases has been found and there is no simple algorithm in terms of diagnosis and further procedures. The diagnostics of Parkinson's disease is primarily based on clinical criteria [1, 6, 7] . The survival time in patients with PD increases along with the development of treatment methods (pharmacological and neurosurgical) and varies depending on the age of patients.
MATERIAL
The objective of the tests conducted by the authors is an attempt at using voice processing techniques in evaluating patients with Parkinson's disease. The experiments presented within the studies are a part of a project on collecting multimodal data for the purposes of supporting and objectivization of the Parkinson's disease evaluation [8] . Such a stand includes an infrared camera, visible range camera [9] , microphone with a preamplifier, a graphic tablet and a portable computer. Expanding this issue, the idea of the research concentrates on attempts to husk information "invisible to the naked eye". In relation to classic PD diagnostic methods, the acoustic analysis will enable objective and accurate assessment of several voice features, previously evaluated only subjectively using the hearing-based method, as well as detecting discrete speech impairment unnoticeable perceptually.
The research utilized recordings conducted at the Department of Neurology at the Medical University of Warsaw. The patients participating in the study were selected by their score in the so-called UPDRS The Unified Parkinson's disease Rating Scale). The UPDRS was published in 1987 and since then it has become a so-called gold standard for evaluating PD symptom intensification -higher results on this scale indicate a more advanced stage. This scale is validated once every several years and currently there are four parts of its assessment [10, 11] :
• Part I (Non-motor experiences of daily living),
• Part II (Motor experiences of daily living),
• Part III (Motor examination),
• Part IV (Motor complications).
UPDRS was used as the main indicator in selecting patients for the analysed experiments. The cases of patients in the low-scale UPDRS Parkinson's disease are particularly interesting. It should also be noted that the patients participating in the study were in the so-called "on" phase, meaning they were under the influence of medicines, which alleviated disease symptoms. As a result of such assumptions, the acoustic analysis of the patients' voice was hindered due to the applied treatment with L-DOPA drugs that effectively improved patient's condition.
The study involved both women and men. The material comprised of 8 patients (5 women and 3 men, aged 28-64, average: 52.3) with diagnosed Parkinson's disease. All of them were treated with L-DOPA preparations. The disease duration ranged from one to 12 years (average: 6.3 years). The severity of motor-related symptoms was assessed as per UDPRS part III and amounted to 19.25 points on average. Patients with a genetic variant of Parkinson's disease, as well as its classic type were selected for the tests.
A comparative group comprised 5 persons without diagnosed PD. 2 men and 3 women, aged 38 on average were tested within this group.
The recording scenario was divided into several parts. The first part contained two texts of various emotional undertone, read out by the tested person. Yet another segment involved recording the vowel "a" with prolonged phonation, uttered by a patient for at least 5 seconds and recording spoken text involving repeated pronunciation of the "pa" syllable. The last part of the recordings involved the patient uttering individual words and sentences according to an assumed scenario. The results of the thus conducted studies were series of statements by each patient, significantly different linguistically, which provides valuable material for the comparative analysis of the voice. A total of 7 acoustic signals per patient, with an average length of ca. 75 seconds were recorded. The texts were usually recorded around noon, after the morning L-DOPA dose was taken. The tests were conducted in a soundproof room with an average noise level of ca. 30 dB, using Matlab software and a Shure SM57 dynamic microphone with a built-in USB interface, with a computer equipped with a sound car. Such a configuration, regardless of the used computer, enables recording a pure, natural sound without any interference coming from the computer system. All of the recordings were recorder with a sampling rate of 44.1 kSa/s and a 16-bit resolution.
VOICE PROCESSING TECHNIQUES
Acoustic voice analysis in PD patients can be a valuable and objective tool supporting the diagnosing diseases of neurodegenerative nature. This chapter presents voice processing techniques in evaluating patients with Parkinson's disease. Using time analysis, frequency analysis and time-frequency analysis, the authors attempted acoustic voice analysis in that group of patients. The review was preceded by a description of the speech signal development process.
The analysis involved 5-second long recordings of the vowel "a" and syllable "pa", as well as a text with varying emotional undertone. The analysis was conducted using Maltab and Praat software [12, 13] ..
Speech signal development process
To fully understand the formation process of sounds and converting them into speech, it is required to have the basic knowledge of anatomy and physiology of the vocal tract, including the larynx. This vocal system contains mainly the lungs, bronchi, trachea, larynx, tongue, palate, teeth, lips, jaw and cheeks. The lungs can be deemed as a power source for the other organs of the vocal system. The air pressure generated in the human lungs determines the volume of emitted sound. The place within the human organisms where acoustic vibrations are created (generated) is the larynx. Vibrating vocal folds, often mistakenly called vocal cords are the sound source and determine its pitch (fundamental frequency) and timbre (higher harmonics content). The process of glottal ligament closing and opening and is responsible for this. The number of closing and opening cycles per second, which determines the pitch, depends on their thickness, length and tension (and these depend on the sex and age) 14, 15] . Fundamental frequency changes when speaking as a result of natural intonation, and in the case of a male voice averages 100-130 Hz, while for a female voice, it averages 200-260 Hz [16] . An air flux forced through the glottis is modified according to the articulation tact in the vocal tract, the parameters of which depend on the position and shape of the mouth, tongue, cheeks and teeth, and significantly affect the resultant timbre.
Method used for acoustic voice analysis

Time analysis
The time analysis focused on studying two issues. The first one concerns speech volume measurements, whereas the second one concerns speech rate.
Speech signal volume is one of the basic features, which is possible to be subjectively assessed by a human. In general, the literature identifies the term volume with signal power or its intensity. Volume is affected by the used microphone and preamplifier gain. Due to the fact that all recordings were completed using the same equipment, it is possible to objectively compare the speech volume of the studied persons. The experiments involved studying the volume of the "a" sound uttered by a group of people with PD and the control group. The calculations utilized the formulas contained in [12] . The outcome was the volume waveform expressed in decibels, as shown in Fig. 1 . The obtained waveform clearly shows the difference between the volume of a sound spoken by sick persons and the ones from the control group. In general, the speech of people affected by Parkinson's disease is characterized by mutation. The so-called speech volume reduction occurs, which is confirmed by the studies conducted by the authors. Most likely this is caused by weakening of the larynx and lung muscles, which are responsible for the speech signal formation process. At the same time, please note the volume level changing over time. The obtained waveforms clearly indicate that people with diagnosed PD, colloquially speaking, tire faster, which results in the volume of the spoken text decreasing over time. Differences in the volume level are quite significant.
Due to the same linguistic material, in the case of analysing the signal rate, the research involved studying the duration of a utterance of "sad" and "joyful" nature, the average number of "pa" syllable uttered within a 5-second period, as well as average time intervals between syllables. The parameters are defined below and the results shown in table 1:
• c 1 -duration of a sad statement,
• c 2 -duration of a joyful statement,
• c 3 -number of uttered "pa" syllables during a 5-second speech fragment,
• c 4 -duration of intervals between "pa" syllables. Such measurements enable evaluating the rate of speech in the form of the number of words spoken per minute, due to the analysis of a text of the same linguistic content or conducting such an analysis using a method of counting the number of spoken "pa" syllables relative to a 5-second segment of speech. The obtained results indicate a general trend of an extending speech duration in people with PD. Both the average speech time is longer, as well as the number of "pa" syllables per an analysed 5-second speech segment are lower. In the case of pilot studies, it was particularly evident in patients with advanced Parkinson's disease, falling within the upper part of the UPDRS. As a result, the rate of speech in people with PD is lower than in people from the control group. According to the studies, the average speaking rate is approximately 2.5 word per second, which amounts to 125 to 150 words per minute, whereas it should be emphasized that it may vary depending on the language, place of residence and many other factors [17] . In the case of the analysed texts, we had to deal with the same number of words. For a text with an optimistic undertone, the number of words was 86, while in the case of a sad text, this number was 90. Therefore, in general, Bradylalia, which is slow speech, can be determined in the case of people with diagnosed Parkinson's disease. A change in the tension of laryngeal muscles impacts sound intensity, and the duration of ligament vibrations affects the decision in terms of sound duration [3] .
An interesting aspect of the studies, which was not analysed widely by the authors, however, which draws attention to the issue concerning people with PD is the stability of time intervals between successively uttered "pa" syllables. An example time waveform with marked time intervals between subsequent syllables is shown in Fig. 2 . Preliminary pilot studies enable concluding the lack of stability in the intervals between subsequent syllables and, in general, a lower rate of uttering syllables within a specific time unit.
Time parameters are the parameters primarily utilized to assess prosodic vocal properties. In the case of acoustic speech signal analysis these are frequently also parameters, which are possible to be estimated by means of hearing and are an important element in evaluating a PD patient. The application of ready parameter extracting procedures using analysis of the time domain will facilitate patient's history taking and may possibly support the potential development or regression of a disease. 
Frequency analysis
The frequency analysis involved evaluating the changes in the fundamental frequency of the laryngeal tone, depending on the nature of the text uttered by an examined person. The fundamental frequency of a sound is determined in the literature using numerous methods [19] [20] [21] . Algorithms for detecting F 0 can be divided into methods operating within the time domain, frequency domain and both domains simultaneously. The common feature of the algorithms is detecting fundamental frequency only in the so-called voiced portions of the speech signal, due to the fact that non-voiced signals are of noise nature. The analysed signal frames shall be selected in terms of their voicing for this purpose. The standard is to use the autocorrelation function for this purpose, determining a certain threshold above which the frames are deemed voiced [22, 23] . Furthermore, the autocorrelation function was used by the authors to determine the fundamental frequency, because the determination method utilizing this function is, according to the researchers throughout the world, encumbered with the lowest error [24] .
If a frame is deemed voiced, the value of its corresponding F ac fundamental frequency is determined according to the relationship: (1)
where k max is the index of the second maximum of the autocorrelation function r(k), and f p -the signal sampling frequency.
Fundamental frequency stability was assessed in the course of a long-term analysis, using texts of both joyful, as well as sad nature. A short-term analysis using the "a" sound with prolonged phonation was also conducted. In each of the analysed cases, in order to perform a digital analysis of a signal, segmentation is required. A speech signal analysed as a whole cannot be deemed a stationary signal, since its properties change significantly over time. However, if the signal is to be analysed against short time intervals (in the order of several milliseconds), during which the properties change only slightly, it can be treated as a quasi-stationary signal. Each frame is analysed individually, and the overall analysis is always a resultant analysis of the individual speech signal frames.
Fundamental frequency was calculated for 20 ms long speech signal frames with 5 ms long overlays. An example graph presenting a changing fundamental frequency of the laryngeal tone for the short-term analysis regarding a healthy and sick person is shown in Fig. 3 . The waveform of the fundamental frequency variations during prolonged phonation of the "a" sound indicates that the patients in the studied group exhibited higher instability of the fundamental frequency. It demonstrates the irregular work of the vocal folds, and more precisely, irregular frequency of their opening and closing. As a result, impaired laryngeal operation is the case for people with Parkinson's disease [21] . It is particularly visible in the second half of the analysed time period. People with PD have difficulty in maintaining the utterance of a sound with the same pitch.
When looking for speech signal features, which correlate with the issue of early PD diagnostics, attention should be primarily paid to the fundamental frequency changes and the correlated statistical parameters, and bit the very value of the fundamental frequency, which is rather an indicator of the studied person's identity.
The fundamental frequency was also extracted in the case of uttering texts of joyful and sad nature. The long-term analysis involved experiments aimed at evaluating speech monotony. All of this because it is widely believed that people with Parkinson's disease are characterized by speech with a weaker emotional tinge. Table 2 shows the range of fundamental frequency changes when texts of various emotional undertone are uttered by a healthy woman, and a woman with diagnosed PD (both of similar age). The analysis time was about 30 seconds. Based on the conducted experiments, it can be easily concluded that the fundamental frequency changes over a broader range in a healthy person. This is evidenced both by the range of fundamental frequency changes, as well as the standard deviation calculated for this parameter. As a result, the speech of people with PD is characterized by higher monotony and lack of modulation [21] . Although the read-out text was marked emotionally, people with diagnosed PD did not explicitly emphasize that fact during the recordings, which could be felt directly and subjectively in the course of the study.
Another study within the frequency analysis was the evaluation of speech voicing in people with Parkinson's disease. The voicing of the frames was assessed for this purpose. The aforementioned autocorrelation function was used as the selection criterion. For this purpose, the authors formulated the so-called voicing coefficient, which is defined as follows voicing coefficient = number of voiced speech signal frames number of all speech signal frames
The variability graph for this parameter, depending on the nature of the spoken text, is shown below. The values on the left are for the group with diagnosed PD. The values on the right are for the control group. The results of the conducted experiments indicate lower values of the voicing coefficients in people with diagnosed Parkinson's disease. Due to the fact that the study involved the same linguistic text, it can be speculated that in this case, the difference in experiment results is caused primarily by weaker operation of the vocal folds, as well as by the stiffness of the oral cavity, pharynx and larynx muscles in those patients. Furthermore, it can be caused by the issue of generating voiced vowels like "b" and inaccurate articulation in patients with PD [3] .
The frequency analysis also involved comparing the amplitude spectra for individual words spoken by the studied persons. Examples of amplitude spectra in a decibel scale are shown in the figure below. Within the speech signal spectrum analysis (the word "aeroplan"), we can observe reduced vocal range, especially in terms of high frequencies.
Amplitude for a person with diagnosed Parkinson's disease is lower.
Time-frequency analysis
The short-time Fourier transform (STFT) was used within the time-frequency analysis. This method involved successive division into segments of a signal section intended for analysing, each of which is independently subject to spectral analysis. Just like in the traditional case, in order to remove signal changes (cuts) at range extremes, various time windows are applied relative to the aforementioned segments. Shifting a time window along the signal determines its spectral content inside the time interval, the length of which is defined by the window width [22] .
The acoustic waveform analysis based on spectrograms is an analysis of the long-term type. It is usually applied for recorded words and sentences, although it is also possible to use it for individual sounds. The research included analysing the word "aeroplan" (Eng. aeroplane), and the results' examples are shown in Fig. 7 . The spectrogram analysis indicates that Parkinson's disease impacts the entire frequency range increasing their occurrence intensity. The spectrogram contrast degree (or otherwise -its clarity) is a measure of speech signal disturbances. The differences in the spectrograms most likely result from the varying proper closure of the vocal folds. Immediately after the vocal folds close, the harmonic structure is the richest, and the amplitude of all frequency components the greatest. As a result, the operation of the vocal folds is all the more efficient, the better the spectrogram contrast [24] .
CONCLUSIONS
The presented research paper discusses the application of selected voice processing methods in terms of their potential use for objective support of diagnosing people with Parkinson's disease. This was the objective of the pilot studies conducted at the Department of Neurology at the Medical University of Warsaw, which included recording selected multimodal data, including voice [8, 9] .
The experiments included time, frequency and time-frequency analyses using selected speech signal processing techniques. The studies focused on both short-term, as well as long-term analysis. It should be noted that the patients participating in the study were characterized by varying disease severity and were under the influence of drugs during the recordings, which resulted in decreased disorders characteristic of the disease. As a result, the interpretation of voice analysis results was hindered.
The acoustic structure of speech in a group of PD patients significantly differed at each analysis stage. The most subjective differences are noticeable within the time domain. A change in the speaking rate, monotony, poor emotional undertone of the spoken text and muting were one of the basic features identified within the conducted pilot studies.
Acoustic analysis reveals a number of physical phenomena distinguishing the speech signal, which were unrecognizable to hearing only. This is where frequency and time-frequency analyses come in handy. A decreased voicing coefficient, as well as significant changes in the frequency structure of the speech signal were, among others, identified in this domain. Furthermore, abnormal operation of the vocal folds, which is possible to detect only by such analyses can be observed.
To sum up, both the time analysis, as well as the frequency and time-frequency analyses can be a useful tool confirming changes in the voice of people diagnosed with Parkinson's disease. Further studies involving larger groups are required in order to confirm the obtained results and the structure of a target diagnostic system.
